Abstract: Fatty and resin acids in bark residues generated by forest industries can be used to produce high-value green chemicals, but more information about their concentrations in potential sources is required. We examined variations in the content of lipophilic extractives from both pulpwood bark and timber bark of Norway spruce and Scots pine trees growing in homogenous stands in mid-Sweden. We found that spruce pulpwood bark had the highest total amounts of fatty and resin acids (average yield, 0.9 kg/m 3 wood). The regression functions, based on readily available tree parameters (age, stem diameter, height, growth rate and inner bark proportions), can be used to predict the concentrations of fatty and resin acids, triglycerides, sterols and steryl esters in bark materials before harvesting stands that supply industrial plants.
Introduction
Tall oil is a by-product of softwood Kraft pulping (sulphate process), which is widely used as a raw material for fuels and chemicals [1] . The main constituents of tall oil are fatty and resin acids (ca 90%), which are sold (following fractionation by distillation) as pure tall oil fatty acids and tall oil rosin (or resin acids), respectively.
Bark from both of the two main softwood species, Fennoscandia, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies L. Karst.), is commonly used to produce heat at mills or nearby power plants. However, it contains relatively high amounts of fatty and resin acids [2, 3] . Thus, it is financially more promising to use bark extractives to produce tall oil. Bark is preferably not processed in alkaline (Kraft) pulping together with wood, as, e.g., its content of other extractives increases the consumption of alkali, harming rather than contributing to pulp production. Instead, isolated bark may proceed along a separate production line, designed for the production of chemicals from low-cost extractive rich tree fractions, by applying, e.g., supercritical CO 2 extractions [4] . A complicating factor is that the chemical profiles of the bark varies between the two species [2, 3, [5] [6] [7] , between individuals of the same species and between parts of individual trees. Notably, bark from timber and pulpwood logs may have differing proportions of inner (phloem) and outer (periderm) fractions due to differences in their diameters and numbers of annual rings [8] , which significantly affect the chemical composition and structure of bark [7, 9] . For example, Jyske et al. [10] found substantial variations in the content of stilbene glucosides in bark, both along trunks of individual Norway spruce trees and among different age groups. Thus, to optimize the exploitation of bark to produce green chemicals, it is essential to map key constituents (particularly fatty and resin acid contents) in bark assortments.
With the aim of improving the use of Scots pine and Norway spruce bark, the objective of the present study was to map variations in its content of lipophilic extractives in relation to measured tree parameters and assortments obtained in thinning and final felling operations.
Materials and Methods
Bark samples were collected in October 2015 from three trees in each of two pine and two spruce single-layered monoculture stands with average productivities of 5.9-6.2 m 3 ha −1 year −1 in the district of Delsbo, mid-Sweden. One pine and one spruce stand were in the final cutting phase. The trees were 90-93 and 111-117 years old, with basal area 33 m 2 ha −1 and 35 m 2 ha −1 , tree heights of 22.5 m and 21.4 m, densities of 681 and 867 stems per hectare and total stem volumes of 408 and 354 m 3 on bark (o.b.), respectively. The other pine and spruce stands were 45-48 years old (typical ages for thinning), with basal area-weighted tree heights of 11.5 and 11.3 m, densities of 1840 and 1984 stems per hectare and total stem volumes of 172 and 167 m 3 o.b. ha −1 , respectively. Chosen trees were felled using a chainsaw. The cuts were labelled with a marker and photographed. The trees were cut at three positions: P1, P2 and P3. P1 were cut at breast height, P2 at the height of P1 + 1/3 X and P3 at the height of P1 + 2/3 X.
The trees selected for sampling had similar sizes, canopy heights (defining a tree's canopy base as its lowest green branch) and ages to their neighbouring trees. Stem sections 1-2 dm thick were taken from each selected tree at three heights: 1.3 m, and at one third and two thirds of the distance between 1.3 m from the ground and the top. The diameter o.b. at each position was measured with a calliper (1 mm precision) before cutting, and the cross-sections of the samples were photographed together with a small calliper (0.1 mm precision) using Digimizer version 4.6.1 image analysis software to determine the number of annual rings, thickness of inner (phloem) and outer (periderm) bark, and average width of rings from the last 10 years [11] . According to a local pricelist, timber and pulpwood were defined at the sampling time and place as having a diameter under bark (u.b.) ≤140 mm and >140 mm, respectively.
The stem sections were debarked with a knife. Definitions and measurements of inner and outer bark, the method to isolate bark samples and the methodology for characterising bark in trees based upon measurements of stem sections are in accordance with earlier studies [8] . Three 10 g pieces of bark from each section (for density analysis and chemical analyses) were placed in separate labelled plastic bags, sealed with tape and stored in a cool-box with ice packs to minimize autoxidation [12] . At the end of each sampling day, bark samples for chemical analyses were put in a freezer (−18 • C). Subsamples that were not used for chemical analyses were oven-dried (105 • C) overnight to determine their dry weight and then re-soaked in water to measure their green volume, by the water displacement method, using a scaler with 0.01 g precision, allowing the density of the bark samples to be determined.
Bark materials from two sampled trees from each stand were chosen for chemical analyses, in which their content of lipophilic extractives were measured according to a modified standard [13] . Briefly, the samples were dried at 40 • C and then subjected to Soxhlet extraction with cyclohexane and acetone (9:1 v/v %). The solvents were evaporated after extraction. The extracts were analysed by gas chromatography with the short column, HP1 capillary column from Agilent Technologies (5 m long, thin film 0.15 µm, wide bore 0.53 mm), following a technique developed at Åbo Academy [14] for measuring concentrations of five groups of lipophilic extractives (fatty acids, resin acids, triglycerides, sterols and steryl esters) rather than single chemical species. In addition, the total concentration of lipophilic extractives in the samples were measured by summing all peaks in the gas chromatographs, including the so-called non-identified chemical species (compounds other than the five groups of lipophilic extractives). The internal standards, Heneicosanoic acid and Cholesteryl heptadecanoate, 1,3-Dipalmitoyl-2-oleoylglycerol, were used to quantify fatty and resin acids, steryl esters, triglycerides, and compounds in the samples [14] .
The ratio between bark mass and wood volume at each sampling point was calculated from the basic density of the corresponding bark sample, stem diameter and bark thickness. The content of tall oil in bark per unit volume of wood was then calculated by multiplying the detected concentrations of extractives in bark by the corresponding bark mass to wood volume ratio. The results from the concentration and content of extractives calculations, sampling measurements, chemical analysis and basic density measurements were analysed with regression and variance analysis in MiniTab 17 [15] , setting a significance threshold of p ≤ 0.05 in all tests.
Both free and triglyceride-bound fatty acids were categorised as fatty acids in the statistical analysis. The sum of fatty and resin acids was named tall oil in the statistical analysis, and the difference between the total content of extractives and the content of identified extractives was attributed to other lipophilic extractives, which were called non-identified.
Results
There was no significant difference in basic density between the pine timber and pulpwood bark (308 and 307 g dm −3 , respectively). However, spruce timber bark had a higher basic density (358 g dm −3 ) than spruce pulpwood bark (329 g dm −3 ), and (in both cases) a significantly higher basic density than the pine bark.
The bark of the spruce pulpwood assortment had a significantly higher content of tall oil per unit volume of solid wood than the bark of the other assortments (Table 1) . In both species, fatty and resin acid concentrations were higher in pulpwood bark than in timber bark. Concentrations of sterols and steryl esters were low relative to those of other extractives. Spruce bark had higher levels of resin acids but lower levels of fatty acids and sterols than pine bark. Levels of steryl esters did not differ much between the bark materials, and concentrations of other lipophilic compounds, except that of fatty and resin acids, triglycerides, steryl esters, and sterols, were similar in all samples (mean 3.54%, standard deviation 0.48%).
The correlations between the tree parameters and spruce bark concentrations of fatty and resin acids (and hence tall oil concentrations) ranged from moderate to strong (Figure 1 ). The ratio between bark mass and wood volume at each sampling point was calculated from the basic density of the corresponding bark sample, stem diameter and bark thickness. The content of tall oil in bark per unit volume of wood was then calculated by multiplying the detected concentrations of extractives in bark by the corresponding bark mass to wood volume ratio. The results from the concentration and content of extractives calculations, sampling measurements, chemical analysis and basic density measurements were analysed with regression and variance analysis in MiniTab 17 [15] , setting a significance threshold of p ≤ 0.05 in all tests.
The correlations between the tree parameters and spruce bark concentrations of fatty and resin acids (and hence tall oil concentrations) ranged from moderate to strong (Figure 1 ). The inner bark proportion also correlated moderately with the total concentrations of lipophilic extractives. Similar but weaker correlations were found between the already-mentioned tree parameters and extractive content in pine, except that there was a weak but significant correlation between the sampling height and fatty acids. Correlations were very weak between the annual ring increment and extractive content, as well as between the concentrations of resin acids and inner bark proportion. In addition, very weak correlations were found between all tree parameters (except the inner bark proportion in pine) and the concentrations of sterols and steryl esters in the bark of both tree species.
Discussion
Detected content of the analysed extractives in bark from the tested assortments are within previously reported ranges for Norway spruce and Scots pine [2, 3, 5, 6] . However, some of the lipophilic extractives were not identified. These may include polymerized and/or oxidized fatty and resin acids [12, 16] , implying that the concentrations may have been underestimated. Variations in the yield of tall oil from the bark attached to logs can generally be attributed to variations in its concentration in the bark, but variations in the quantity of bark relative to wood also play a part. Thus, higher yields from pulpwood than from timber in spruce (as observed in this study) are partly due to similarities in bark thicknesses at different heights, while, conversely, Scots pines develop thick bark in their basal regions as an adaptation to forest fires [8] .
Higher concentrations of lipophilic extractives were found in pulpwood bark than in timber bark, but the coincidence of the assortments, with overlapping locations within the green canopy, complicates the interpretation of this relationship. Further, the extractive content fitted well with regressions of the tree parameters, but their negative correlations with age and diameter, and positive correlations with inner bark proportion, height in trees and annual ring width are strongly interdependent and the sampling size is small. Nevertheless, the regression results are consistent with the growth rate effects on bark chemistry reported by Villari et al. [17] and comparisons between inner bark and outer bark by Ånäs et al. [7] . In contradistinction, Zavala et al. [18] found that contents of defence compounds like resin acids and terpenoids are inversely related to the growth rates of plants. However, the parameters most strongly correlated with defence compounds were not consistent in the two species. In both species, the measured tree parameter that was most strongly correlated with fatty acid content was the inner bark proportion. This is consistent with expectations, given this tissue's nutrient storage and transport functions, and hence its correlations with growth. Accordingly, the main differences between inner and outer bark in the study by Ånäs et al. [7] were in the content of fatty acids in Scots pine, whose content of resin acids contradicted that in Norway spruce. The total amount of fatty and resin acids in timber bark was about 1.5% of dry weight, which is in accordance with previous work [7] . It should be noted that contents of steryl esters and sterols have particularly weak and inconsistent correlations with tree parameters in spruce, but also a particularly small variation. The stronger correlations in pine, compared to spruce, are in accordance with the greater differences between inner bark and outer bark in pine found by Ånäs et al. [7] . However, the correlation may be more obvious and robust by increasing the number of analyses of samples with larger variations.
The freshness of the bark is one important aspect to bear in mind when applying an industrial perspective to the result, since extractives transform or decompose during storage [12, 16] . The bark of this study was fresh when analysed; however, in reality, the bark would not be as fresh when it is debarked at the industry.
Conclusions
Spruce pulpwood is the most promising assortment for processing to acquire bark extractives as sources of tall oil or its main constituents. Thus, the potentially produced tall oil mass from bark in an area can now be calculated using pulpwood and timber volume data. The results also show that concentrations of targeted extractives in industrial bark feedstocks can be modelled pre-harvest using readily available tree parameters.
Further research can focus on bark residues of spruce at pulp mills, especially on logs originating from sites with high productivity.
Due to the variety of bark quality (freshness, source, etc.) challenges and perspectives, several methodologies (logistic issues, integration in the present processes, storage issues) are needed to address in a holistic way this sustainability transition of the bark from being a waste product to being a valuable product.
This article highlights the innovative methods, case and tool for promoting bark waste valorisation, and provides greater opportunity for the emerging bio economic aspects. 
